INTRODUCTION
============

The typical gene complement of metazoan mitochondria is remarkably conserved, comprising genes for 13 proteins, 2 ribosomal RNAs and 22 transfer RNAs (tRNAs), two specific for leucine and serine, respectively, and a single one for each of the other 18 amino acid specificities ([@gkr1131-B1]). Some exceptions to this rule have been described for several non-bilaterian animals that feature additional genes ([@gkr1131-B2]), and for many bivalve molluscs that exhibit an additional, sex-specific open reading frame of unknown function ([@gkr1131-B3]). Most of the deviations, however, involve the loss of tRNAs. In extreme cases, such as Cnidaria ([@gkr1131-B4],[@gkr1131-B5]) or Chaetognatha ([@gkr1131-B6]), only one or two of the tRNAs are encoded in the mitochondrial genome (mitogenome), the missing ones being functionally replaced by nuclear tRNAs ([@gkr1131-B7],[@gkr1131-B8]). In addition, the tRNA genes of metazoan mitogenomes often appear degenerated. In many cases, they still show the famous cloverleaf structure, but lack the otherwise highly conserved D-loops and/or T-loops ([@gkr1131-B9]). Some tRNAs lost complete arms ([@gkr1131-B10],[@gkr1131-B11]). This is the case for all tRNAs in several mitogenomes from Nematoda ([@gkr1131-B12]). Losses of complete D- and T-domains were also reported in Chelicerata ([@gkr1131-B13]--[@gkr1131-B16]). Due to the lack of the systematic investigation of mitochondrial tRNAs (mt-tRNAs), however, no overview of these features throughout the metazoan Tree of Life has become available so far.

The order and reading direction of the genes on (typically) circular mitogenomes varies throughout Metazoa and hence constitutes a valuable source of information for phylogenetic reconstructions ([@gkr1131-B17]--[@gkr1131-B19]). The mechanisms causing genome rearrangements, however, are poorly understood. Most computational approaches assume that either inversions or transpositions are the elementary operations taking place. Inversions can be explained by inter-mitochondrial recombination ([@gkr1131-B20],[@gkr1131-B21]). Tandem duplications of parts of the genome with subsequent random loss of duplicates, on the other hand, were suggested in an analysis of lizard mitogenomes ([@gkr1131-B22]). Investigation into the mechanisms of mitogenome rearrangements require examples of very recent rearrangement events since in such cases it is likely that the genomic sequence will have maintained information that can be used to distinguish between different hypotheses. Since the genomic positions of mt-tRNAs are rearranged much more frequently than the larger protein-coding genes and rRNA genes \[as shown e.g. by the data compiled in ([@gkr1131-B23])\], a correct and complete annotation of mt-tRNAs is an important prerequisite for a systematic investigation into rearrangement mechanisms.

Typically, non-mt-tRNAs are among most highly conserved genes ([@gkr1131-B24]). Despite their short size and their divergence predating the last universal common ancestor, their homology is still clearly recognizable ([@gkr1131-B25]). The preservation of a common structural layout, and the extreme sequence conservation makes it possible to use a single tool, `tRNAscan–SE`, to identify tRNAs with nearly perfect accuracy in the nuclear DNA of eukaryotes and in the genomes of prokaryotes alike ([@gkr1131-B26]). Mt-tRNAs, however, are often structurally diverged ([@gkr1131-B27],[@gkr1131-B28]). This makes their detection and annotation a challenging computational problem ([@gkr1131-B29]) and has lead to the development of specialized tools such as `ARWEN` ([@gkr1131-B30]) for this purpose. In contrast to `tRNAscan–SE` that searches for a complete cloverleaf structure, `ARWEN` ([@gkr1131-B30]) first identifies only the most conserved domain, the anticodon stem. The subsequent evaluation of possible D-stem and T-stem structures and the search for an acceptor stem then provides specificity. Nevertheless, `ARWEN` buys its increased sensitivity at the expense of a substantial false discovery rate. In its normal mode of operation, `tRNAscan–SE` uses covariance models (CMs) (specific to the three domains of life) to investigate the initial candidates. Instead, the mitogenome can be searched directly with the CMs, leading to an increase in sensitivity. State of the art annotation pipelines thus use results of both programs followed by inspection by eye and manual curation of the results ([@gkr1131-B31]). This is in particular the case for the 1876 metazoan mitochondrial RefSeq genomes ([@gkr1131-B32]) used in the present study. We restricted ourselves to RefSeq genomes because this database is the best source for a test set of non-redundant metazoan mitogenomes. All these genomes are curated by NCBI staff, feature a consistent format, and fulfill minimum quality standards. We may expect therefore, that annotation errors in this data set are rare enough to allow a meaningful statistical comparison of annotation tools.

Both `ARWEN` and `tRNAscan–SE` use common models for all tRNAs hence employ a consensus of the features specific to individual tRNA families. Given the moderate size of metazoan mitogenomes of usually \<20 kb it is well within reach to use a covariance model customized to each of the 22 tRNA families. With the recent improvements of the `Infernal` software ([@gkr1131-B33]), the required computational resources have been reduced to a level that poses no restrictions in the context of mitogenomes any more. The strategy followed here is therefore to use `Infernal` as search engine for specialized covariance models for each of the 22 mt-tRNAs and for some of the aberrant tRNA structures. We implemented a script called `MiTFi` (*mitochondrial tRNA finder*) that invokes `Infernal-1.0.2` using all covariance models. It predicts anticodons for all candidates and then selects plausible hits that are most likely true mt-tRNAs. This pipeline is intended to be used automatically for all metazoan mitogenomes without specific adjustments for individual taxonomical families. More precisely, no prior knowledge about expected tRNA sequences or structures is required since we use a single set of generic CMs to annotate all metazoan genomes. An alternative strategy would be to use specific CM models for particular clades, such as the nematode-specific model of `tRNAscan–SE`, or to modify the thresholds and parameters of the other search tools in a clade-specific way. However, this would implicitly make additional assumptions and also reduce the specificity of the search tools on other clades. Hence, in order to build a generally applicable pipeline, we opt for generic CMs that are phylogenetically agnostic.

MATERIALS AND METHODS
=====================

Alignments and covariance models
--------------------------------

For the construction of the covariance models we started from an initial set of tRNAs obtained by scanning all available metazoan mitogenomes of the NCBI RefSeq version 39 ([@gkr1131-B32]) with both `tRNAscan-SE-1.23` and `ARWEN-1.2.3` `tRNAscan–SE` annotations were computed invoking the options `–O` and `–X 5` to ensure that the program searches only with the built-in CM and that the number of false negatives is reduced to a minimum. After removing duplicates we sorted the sequences according to their corresponding amino acid as defined by the anticodon. For both serine and leucine there are two groups of tRNAs recognizing two distinct anticodons classes. In the case of serine the two groups are very different and can be easily distinguished by the codons they recognize (UCN versus AGY). For the leucine tRNAs, however, multiple duplication/deletion events occurred throughout metazoan evolution, in which remolded Leu-UUR tRNA genes have taken over the role of isoaccepting Leu-CUN tRNAs ([@gkr1131-B34],[@gkr1131-B35]). Since this makes it impossible to determine orthology by the anticodon alone we initially treated the leucine tRNAs as a single set.

We constructed 21 initial alignments corresponding to the 21 tRNA classes using `ClustalW2` ([@gkr1131-B36]). The NCBI taxonomy ([www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy](www.ncbi.nlm.nih.gov/sites/entrez?db=taxonomy)) was used as guide tree since we observed that this leads to an improvement of the alignment compared to `ClustalW2`\'s estimate of the guide tree. Nevertheless, extensive manual editing was required to rearrange poorly aligned sequences and to exclude likely false positives. These alignments were used to build a first set of CMs using `Infernal`. For the leucine tRNA we used the integrated function calling the `––ctarget` option of `Infernal` to build two separate CMs. These correspond to the two major tRNA-Leu classes, namely the ancestral Leu-CUN group and the Leu-UUR together with all their secondarily remodelled descendants.

The complete collection of metazoan mitogenomes was then scanned again with these 22 CMs. The resulting new set of predictions was aligned with `cmalign` to the covariance models of the corresponding tRNA family. Manual editing again lead to a noticeable improvement of the structural alignments. Although `Infernal` already implements strategies to compensate for biased sampling, we excluded nearly identical sequences and kept only a subset with approximately uniform phylogenetic distribution in the final seed alignments, which, depending on primary sequence conservation of the tRNA family, consist of 33--69 sequences. The 22 final CMs were calibrated to enable `Infernal` to compute *P*-values and *E*-values of matches.

Mitochondrial tRNA finder `MiTFi`
---------------------------------

Since mt-tRNAs of the different families are distant homologues of each other, a search with one CM typically not only recognizes members of the tRNA family on which it was trained but also reports several other tRNA genes. The *mitochondrial tRNA finder* (`MiTFi`) is a script that invokes `Infernal` to search the target mitogenome with all 22 CMs and then employs a step-wise procedure ([Figure 1](#gkr1131-F1){ref-type="fig"}) to evaluate and summarize the search results. Its output is a comprehensive annotation of tRNA genes. Figure 1.The `MiTFi` annotation pipeline for complete metazoan mitogenomes. Starting from all `Infernal`-hits, overlapping (i.e. conflicting) predictions are reconciled in a step-wise procedure.

For all `Infernal`-hits, `MiTFi` attempts to predict an anticodon. To this end, the number of interior stems and the length of the loops is evaluated. If only two interior stem loops are predicted, i.e. in the case of tRNAs which lost a secondary domain (e.g. the D-domain or the T-domain), first the loops are scanned for unpaired regions of 7 nt. If only one loop has this expected size, it is interpreted as the anticodon loop. If both loops have 7 unpaired nt, the loop closest to the mean of the sequence is regarded as the anticodon loop. If no loop containing exactly 7 nt is found, also a loop size of 9 is considered. If no candidate for an anticodon loop can be found according to these rules, the corresponding data fields for anticodon are left empty and the hit is tagged with the amino acid of the CM that found this hit.

Typically the CMs for specific tRNAs also recognize several other tRNAs, although in most cases with much larger *E*-values. For each locus, the `MiTFi` pipeline accepts only the hit of the CM matching with the smallest *E*-value. In practice, this simple rule is sufficient to disambiguate overlapping CM hits. Note that no score cutoffs are used for the 22 top hits at this point. In order to accommodate overlaps of tRNA genes, several cases of which are well documented in mitogenomes ([@gkr1131-B9],[@gkr1131-B37],[@gkr1131-B38]), `MiTFi` by default regards predictions that overlap not more than 10 nt as distinct loci. After this first iteration, in which best hits are accepted according to their identity, `MiTFi` tries to annotate copies of tRNA genes in remaining genomic locations. Hits without a specified anticodon are also annotated during this second step.

Almost all tRNA families exhibit a large diversity and in particular include aberrant sequences that lack complete structural domains. As a consequence there is no natural cutoff value for the `Infernal` bit-score that would be analogous to the COVE score threshold used in `tRNAscan–SE`. In order to determine an appropriate cutoff for the `Infernal` predictions, we therefore compared the predictions of the 22 CMs to the existing RefSeq annotations. [Figure 2](#gkr1131-F2){ref-type="fig"} shows that true positives are nearly unaffected at *E* = 0.001, while the false positives drop to a nearly constant value at this level. For this reason we used this *E*-value as a cutoff to predict remaining tRNA genes in the second step. We note that, in contrast to the bitscore, the *E*-value is computed using a model-specific calibration. Figure 2.Comparison of *E*-values of `MiTFi` hits as compared to RefSeq annotation: true positive hits (TP, circles), false positive hits (FP, diamonds), and false negative hits (FN, squares). By default, `MiTFi` uses an *E*-value cutoff of *E* ≤ 0.001 for finding copies of tRNA genes as there is no significant change for false positive hits below this limit.

Due to the variability of mitochondrial genetic codes ([@gkr1131-B28]) the correspondence of anticodon and isoacceptor class is ambiguous. Thus `MiTFi` allows the user to specify a code from the NCBI genetic code page (<http://www.ncbi.nlm.nih.gov/Taxonomy/Utils/wprintgc.cgi>) or to supply modified codes. Finally, `MiTFi` offers a variety of output options to facilitate the manual inspection of the results. It is also possible to distinguish between genes and degrading pseudogenes as calculated *E*-values allow comparisons of all hits. The re-annotation of the mitogenomes with `MiTFi` was performed at the *High Performance Cluster* of the TU Dresden (<http://tu-dresden.de/die_tu_dresden/zentrale_einrichtungen/zih/hpc>). `MiTFi` is available for download at our website (<http://www.bioinf.uni-leipzig.de/software.html>) including all required CMs.

Data evaluation
---------------

The complete dataset was stored in a MySQL (<http://www.mysql.com/>) database server based on the tRNAdb system ([@gkr1131-B39],[@gkr1131-B40]) allowing further investigations. The complete data analysis was performed with the help of internal functions of the database server. In addition, we used `Infernal` and the `RALEE` Emacs mode ([@gkr1131-B41]) for detailed alignment studies, e.g. to distinguish false and true positive hits. Plots of secondary structures within this study were performed using the `RNAplot` program ([@gkr1131-B42]).

RESULTS AND DISCUSSION
======================

Re-annotation of mt-tRNA genes
------------------------------

The complete set of 1876 metazoan mitogenomes ([Figure 3](#gkr1131-F3){ref-type="fig"}) was annotated independently with `tRNAscan–SE`, `ARWEN` and `MiTFi` and then compared to the RefSeq annotation. An annotation item computed by one of the three methods was counted as true positive if it overlapped a RefSeq entry with the same identity. We disregarded strand information and the distinction between the two serine and leucine tRNAs since the RefSeq annotation shows a high level of misannotations of this type, see e.g. ([@gkr1131-B43]). All hits without an overlap with RefSeq were counted as false positives. [Table 1](#gkr1131-T1){ref-type="table"} summarizes the results, showing that the use of family-specific CMs increases sensitivity above the level of `ARWEN` while at the same time reaching the same precision rates as those of `tRNAscan–SE`. We note that our estimates of the precision rate of `ARWEN` (86.9%) is more favorable than the 80.2% reported by its authors ([@gkr1131-B30]). Figure 3.Taxonomic distribution of metazoan mitogenomes investigated in this study. Table 1.Comparisons of mt-tRNA predictions and RefSeq annotationMethodRefSeq (40 521)TPFPFNSens.Prec.`tRNAscan–SE`36 37468841470.8980.981`ARWEN`39 56959579520.9770.869`MiTFi`39 9538735680.9860.979[^2]

The NCBI RefSeq is currently the most comprehensive data source for mitogenomes and their annotation. It is not a perfect gold standard, however. A detailed analysis of mitogenomes, for instance, revealed more than a dozen annotation errors including missing tRNAs, inaccurate positions, wrong reading directions and incorrect anticodons and isoacceptor families affecting 7 of the 16 echinodermate mitogenomes ([@gkr1131-B43]). In order to obtain more realistic performance estimates, we thus manually inspected about 3250 false positive hits. These consist of the best hits for individual tRNAs from the first step of `MiTFi` and other tRNAs with *E* \< 0.1. We first created alignments for each isoacceptor family using `Infernal`. Within each of these alignments, `MiTFi` hits were sorted taxonomically such that known tRNAs and putative false positives from the most closely related species are located in adjacent rows to facilitate the manual inspection. We found 272 tRNA candidates in 170 organisms that closely match a homologous known tRNA gene in both its conserved primary and secondary structures, 145 of which are in addition supported by CM *E*-values \<10^−6^. About 30 sequences from Metatheria were originally tagged as false positives due to an incorrect anticodon assignment, the other 242 hits were newly identified. Examples of corrected and newly found tRNAs are given in [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1131/DC1). All alignments containing newly identified mt-tRNAs and their homologs in related organisms are compiled in [Supplementary Dataset S1](http://nar.oxfordjournals.org/cgi/content/full/gkr1131/DC1). We reclassified these cases as true mt-tRNAs.

Many of the remaining false positive hits are introduced because `MiTFi` includes at least one hit for each of the 22 canonical tRNAs. Some clades, however, have lost most of their mitochondrially encoded tRNAs. Loss of tRNAs in Cnidaria, for instance, accounts for about 283 of the false predictions. Other false positive hits occur in Arthropoda (71 hits), Nematoda (31 hits) and other basal metazoans (except Cnidaria, 59 hits). A further group of 264 false positives is easily recognizable by large overlaps with mitochondrial gene annotations and a lack of conserved secondary structures. Several additional false positives are the result of an unusual genetic code or of RNA editing of the anticodon ([@gkr1131-B44]), since this leads to an assignment of the tRNA candidate to an incorrect amino acid specificity.

All tRNA genes annotated in RefSeq that were not recovered by `MiTFi` were also inspected manually on the basis of structure-annotated multiple alignments. We eliminated 146 annotations that showed neither recognizable sequence similarity nor a plausible structural conservation. Most of the false negatives that were not detected or only found with *E*-values larger than the cutoff lack one arm of the cloverleaf structure. These cases are concentrated in a few taxonomic groups: arthropods (127 hits), nematodes (102 hits), molluscs (14 hits) and basal metazoans, in particular poriferans (22 hits).

Some of the most unusual mt-tRNAs are found in Arachnida ([@gkr1131-B14]). Therefore, we evaluated all three programs in more detail on these genomes. `ARWEN` was able to detect 82.8% and tRNAscan recovered only 50.4% of the 9191 annotated mt-tRNAs of Arachnida in RefSeq while `MiTFi` performed best with 89.7%. A similar situation was reported for tRNA sequences in Cecidomyiidae ([@gkr1131-B45]), where tRNAs lack the 3′-end. In the two available genomes, `MiTFi` retrieved the majority (24 hits) while `ARWEN` reported 21 and `tRNAscan–SE` recovered only 7 of the RefSeq tRNA annotations. For both families together, `MiTFi` produced 62 false positive hits, `ARWEN` 233 and `tRNAscan–SE` 22. As `MiTFi` always reported most true positive and fewer false positive hits compared to `ARWEN`, its results are the best starting point for annotating genomes featuring completely truncated tRNA sequences. These results also show that `tRNAscan–SE` is not suitable to deal with such highly divergent sequences.

Loss of mt-tRNA genes
---------------------

Some animals do not encode the full set of 22 mt-tRNA genes. Instead, they import the missing tRNAs from the cytosol. Cnidarians ([@gkr1131-B46]) and some Ceractinomorpha (sponges, belonging to Porifera) ([@gkr1131-B47]) lost up to 21 tRNA genes and only encode tRNA^*Met*^. Some members of these clades encode tRNA^*Trp*^ or copies of tRNA^*Met*^ and import the remaining tRNAs. Another well-known case is the loss of a single mt-tRNA^*Lys*^ gene in marsupials ([@gkr1131-B48]). Our data are entirely consistent with these findings: we did not predict any previously unknown tRNA genes within these three taxonomic groups, although `MiTFi` recovered some of the reported pseudogenes of the highly variable tRNA^*Lys*^-like sequences in marsupials, although only with a larger *E*-value cutoff (*E* \> 0.1). Similarly, most of the putative candidates in Cnidaria and sponges detected in `MiTFi`\'s first search step are most likely false positives.

Within the Sciaroidea, a subfamily of the Insecta, where dramatically truncated sequences are described ([@gkr1131-B45]), we found only a subset of tRNA genes, many with very poor *E*-values. These tRNA sequences completely lack the 3′-end, including the full T-stem region. This severe degradation suggests that these organisms feature an unknown mechanism for repairing these tRNAs and/or for attaching amino acids to them. At present, it is unknown whether these small fragments still encode functional tRNAs, or whether the degraded mt-tRNAs are functionally replaced by tRNAs imported from the nucleus ([@gkr1131-B7]). A similar situation is observed in Onychophora, where only incomplete sets of truncated mt-tRNA genes were found ([@gkr1131-B49]). Here, extensive tRNA editing is capable of repairing large fragments of truncated tRNA molecules ([@gkr1131-B50]). Our data also reflect previous reports on the loss of tRNA genes in other taxonomic families, including Chaetognatha ([@gkr1131-B51]) and Rotifera ([@gkr1131-B52]). For these clades, we did not find complete sets of 22 tRNA genes and some of the predicted tRNAs have extremely poor *E*-values. Since we found no other tRNA genes in corresponding genomes, one can conclude that, once a nuclear tRNA has replaced a mt-tRNA, the lost tRNA genes are not restored in the mitogenome. This implies that the absence of mt-tRNA genes are phylogenetically informative markers that could help to clarify ambiguities. In basal metazoans, for instance, some clades lost the gene for tRNA^*Trp*^, while others still encode it.

Overlapping mt-tRNA genes
-------------------------

Overlapping mt-tRNA genes have long been known throughout metazoans ([@gkr1131-B9],[@gkr1131-B37],[@gkr1131-B38]). In order to investigate how wide-spread such overlaps are, we considered overlaps of up to 10 nt as distinct tRNA loci. From candidates with a pairwise overlap of \>10 nt `MiTFi` selects only the one with the largest *E*-value. The `MiTFi` script allows the user to change this default value of 10 and to consider even larger levels of overlap.

Our systematic analysis revealed more than 3700 cases of overlaps between tRNA genes in all 1876 metazoan mitogenomes. A summary of the taxonomically most conserved overlapping tRNA genes is given in [Table 2](#gkr1131-T2){ref-type="table"}. Single nucleotide overlaps are most common. Taxonomically conserved overlaps are mostly found for tRNAs encoded on different strands. This may be correlated to the fact that no alternative cleaving of the primary transcript is needed in this situation. For example, this is the case for the highly conserved tRNA^*Ile*^ and tRNA^*Gln*^ overlaps on different strands for up to 3 nt in arthropods and vertebrates. Hyperoartia seems to be an exception as it is the only group within the vertebrates where no overlaps could be detected. Table 2.Conserved overlaps of mt-tRNA genes that have been observed more than 50 times in the datasetNo.tRNA GenesOverlapTaxonomy1189tRNA^*Ile*+^-tRNA^*Gln*−^1,3,2Vertebrata (1056)3Arthropoda (131)3Priapulida (1)1Xenoturbellida (1)902tRNA^*Gln*−^-tRNA^*Met*+^1Vertebrata (825)1Arthropoda (76)3Onychophora (1)639tRNA^*Thr*+^-tRNA^*Pro*−^1Vertebrata (607)1,2Arthropoda (24)1Cephalochor. (8)230tRNA^*Ser1*+^-tRNA^*Leu1*+^1Vertebrata (230)188tRNA^*Trp*+^-tRNA^*Cys*−^8,1Arthropoda (187)1Priapulida (1)119tRNA^*Glu*+^-tRNA^*Phe*−^2,1Arthropoda (119)53tRNA^*Arg*+^-tRNA^*Asn*+^1,3Arthropoda (53)51tRNA^*Asn*+^-tRNA^*Ser1*+^1,3Arthropoda (51)[^3]

The most remarkable example of overlapping tRNA genes are tRNA^*Trp*^ and tRNA^*Cys*^ in Arthropoda ([@gkr1131-B53]) ([Figure 4](#gkr1131-F4){ref-type="fig"}). We investigated this link of two tRNA genes systematically and confirmed examples in every subphylum of Arthropoda. In contrast to this general picture, there are many species that independently lost the overlap. The two genes are located on different strands and overlap by up to 8 nt. They show a very high level of sequence conservation of the acceptor stem. Mutations in this short region would simultaneously affect a stem region in each of the tRNAs. Arthropoda genomes that lost this correlation do not show this strong sequence conservation any more. The difference of overlapping and non-overlapping acceptor stems are illustrated in [Figure 4](#gkr1131-F4){ref-type="fig"}. While acceptor stems of *Drosophila melanogaster* (Hexapoda) in comparison to *Eremobates palpisetulosus* ([@gkr1131-B54]) (Chelicerata), that overlap by 8nt, are nearly perfectly conserved, the same region is much more variable, e.g. in other Hexapoda like *Damon diadema* ([@gkr1131-B55]), where the overlap is reduced to a single nucleotide. Figure 4.Overlapping tRNA^*Trp*^ and tRNA^*Cys*^ genes in Arthropoda. *Drosophila melanogaster* \[Hexapoda, (**A**)\] and *Eremobates palpisetulosus* \[Chelicerata, (**B**)\] feature overlapping genes while *Damon diadema* \[Chelicerata, (**C**)\] encodes both genes with an overlap of only 1 nt. As a result the conservation of the stem region between the two Chelicerata species is much less pronounced than between the two organisms featuring overlapping genes of 8 nt at their 3′-ends even though they are members of completely different subphyla. Conserved nucleotides are highlighted in bold.

Our data demonstrate that overlapping tRNAs have a profound effect on primary sequence conservation, which needs to be taken in account e.g. in the context of phylogenetic studies based on (single) tRNA genes such as recently reported ([@gkr1131-B56]). Also when concatenated tRNAs are used ([@gkr1131-B57]), overlaps cannot be neglected. Like loss events, overlaps can also be used as a phylogenetic marker as once the overlapping link between two genes is broken \[e.g. by a tandem duplication-random loss (TDRL) event\], the two genes rapidly diverge making it unlikely to regain an overlapping configuration.

A dramatic type of overlap, suggesting that functional tRNAs could also be expressed from the reverse strand of known tRNA genes, was postulated ([@gkr1131-B58]). We searched the complete `Infernal` output, i.e. all candidate predictions used by `MiTFi`, for predictions that nearly perfectly overlap with opposite reading direction, although without success.

Exceptional structures of mt-tRNAs
----------------------------------

More than 90% of mt-tRNAs share the common global cloverleaf secondary structure of nuclear-encoded tRNA sequences, i.e. a structure with four stems and three loops. A large number of exceptional mt-tRNAs have been described previously that lack either the D-domain or the T-domain. The CM-based approach greatly facilitates a comprehensive detection and analysis, since it provides efficient and accurate structural alignments of individual tRNAs to the family-specific norm. Using the NCBI taxonomic tree as an approximation of the phylogeny, we mapped all tRNA sequences and their characteristics to generate an overview of the distribution of exceptional structures and manually checked spots of structural divergences. As summarized in [Table 3](#gkr1131-T3){ref-type="table"}, hotspots of diversity in presence or absence of D- and T-domains are found throughout the two major groups of protostomes (Ecdysozoa and Lophotrochozoa). In contrast, both Deuterostomia and diploblasts (Placozoa, Porifera and Cnidaria) show classical cloverleaf structures with only a few exceptions. Table 3.Exceptional structures of mt-tRNA genes and loss of tRNA genesTaxonomySer1Ser2CysothersmissingDeuterostomia    Mammalia\#^`D`^--○^`D`^--○    Testudines\#^`D`^--------    Archosauria\#^`D`^--------    Lepidosauria\#^`D`^--○^`D`^○^`D`^--    Amphibia\#^`D`^--○^`D`^----    Coelacanthimorpha\#^`D`^--------    Dipnoi\#^`D`^--------    Actinopterygii○^`Cl`^--------    Elasmobranchii\#^`D`^--------    Holocephali\#^`D`^--------    Hyperoartia\#^`D`^--------    Hyperotreti\#^`D`^--------    Cephalochordata\#^`D`^--\#^`D`^----    Tunicata○^`Cl`^--○^`D`^○^`T`^--    Echinodermata\#^`D`^--------    Hemichordata\#^`D`^--------    Xenoturbellida\#^`D`^--------Ecdysozoa    Diplura\#^`D`^+^`D`^○^`D`^○^`D`^--    Ellipura\#^`D`^--○^`D`^----    Insecta○^`Cl`^○^`D/T`^--○^`D/T`^○    Crustacea\#^`D`^○^`D/T`^○^`D/T`^○^`D/T`^--    Myriapoda\#^`D`^○^`D`^○^`D/T`^○^`D/T`^--    Chelicerata\#^`D`^○^`D`^+^`D/T`^○^`D/T`^--    Onychophora\#^`D`^------+    Nematoda\#^`D`^\#^`D`^\#^`D/T`^+^`D/T`^--    Priapulida\#^`D`^--------Lophotrochozoa    Annelida\#^`D`^○^`D`^--○^`D`^--    Brachiopoda\#^`D`^+^`D`^--○^`D/T`^--    Bryozoa\#^`D`^\#^`D`^○^`D`^○^`D/T`^--    Entoprocta\#^`D`^--------    Rotifera\#^`D`^----○^`T`^+    Mollusca○^`Cl`^○^`D`^--○^`D/T`^--    Nemertea\#^`D`^--------    Sipuncula○^`Cl`^--------    Platyhelminthes\#^`D`^+^`D`^+^`D`^○^`D/T`^--Basal Metazoa    Chaetognatha--------+    Cnidaria--------+    Placozoa+^`Cl`^--------    Porifera+^`Cl`^----○^`D`^+[^4]

We detected the well known lack of a D-domain (and innovation of a D-arm replacement domain) in mt-tRNA^*Ser*1^ ([@gkr1131-B9]) in nearly all Metazoa. In a few exceptions, a classical cloverleaf was retrieved. Frequent exceptions were found in basal metazoan lineages. Mt-tRNA^*Ser*2^ lacks also a D-domain, but however, only in Lophotrochozoa and Ecdysozoa, with highest penetrance in Bryozoa and Nematoda (in Deuterostomia this tRNA is always of complete 4-arm type). Accordingly, these loss events appear to be independent. Our data also revealed independent losses of the D-domain in tRNA^*Cys*^ in Amphibia, Tunicata, Bryozoa, Platyhelminthes and Arthropoda in addition to those previously reported in Lepidosauria ([@gkr1131-B59],[@gkr1131-B60]) and Mammalia ([@gkr1131-B61]). Further, while the compensation of the loss of the D-domain by a D-arm replacement loop seems to be a very common event in all Cephalochordata tRNA^*Cys*^, the absence of either the D-domain or the T-domain is the rule for Nematoda tRNA^*Cys*^. A particularly nice case of variability in domain loss concerns *Campodea lubbocki* that lacks the D-domain of tRNA^*Cys*^ while a normal cloverleaf structure is present in the closely related *Campodea fragilis* ([@gkr1131-B62]). The high frequency of these events suggests that the abnormal tRNA^*Cys*^ should be still functional. The widespread loss of either the D- or the T-domain leads to the well-known large diversity in structures for Arthropod mt-tRNAs ([@gkr1131-B14],[@gkr1131-B15],[@gkr1131-B63]). Our taxonomic overview now identified that this variability is focused on only three hotspots. Chelicerata, Crustacea and Myriapoda mt-tRNAs numerously lost arms of the cloverleaf structure, with different patterns even within each group, indicating a large number of independent events. [Figure 5](#gkr1131-F5){ref-type="fig"} illustrates these parallel events for all three hotspots. In contrast, other Arthropoda groups such as Insecta show only very occasional deviations from the classical cloverleaf structure. Figure 5.Examples of tRNA^*Cys*^ secondary structures derived genes in (**A**) Crustacea (left: *Tigriopus japonicus*, middle: *Daphnia pulex*, right: *Lepeophtheirus salmonis*), (**B**) Myriapoda (*Scutigerella causeyae*, *Narceus annularus*, *Antrokoreana gracilipes*), and (**C**) Chelicerata (*Buthus occitanus*, *Damon diadema*, *Haemaphysalis flava*). In each family, some organisms present four-arm cloverleafs (middle column), others present tRNAs missing the T-domain (left) or the D-domain (right). Anticodons are highlighted in bold.

In addition to structures missing either the D- or the T-domains, we retrieved structures with truncated acceptor stems. This unusual situation discovered in *Lithobius forficatus* and calling for specific editing mechanisms to gain mature tRNAs ([@gkr1131-B64]), could now be confirmed also for other related organisms in Myriapoda. The case of Nematoda mt-tRNAs was also analyzed in details. Rather than being the exception ([@gkr1131-B65]), bizarre tRNAs appear to be the rule. Interestingly, even with the reduced sensitivity of `MiTFi` for shorter sequences in general (due to their reduced information content) and for tRNAs lacking individual arms in particular (as the deletion incurs a score penalty), we found tRNAs without T-domains throughout the whole taxonomic group. This led us to the subfamily Enoplea where we obtained a very low sensitivity and, in addition, hits with minimal tRNA structures featuring both D- and T-stem replacement loops. Therefore, we constructed group-specific new covariance models built only from nematode sequences and searched for missing genes. This lead us to predict extremely truncated sequences of only acceptor- and anticodon stems. We were not able to find other candidates featuring D- or T-stems in the same genomes. These truncated structures could be predicted for several tRNA families, including tRNA^*Asn*^, tRNA^*Cys*^ and tRNA^*Tyr*^ ([Figure 6](#gkr1131-F6){ref-type="fig"}). Some hits overlap with previous tRNA annotations in RefSeq, others were newly found. Interestingly, since gene overlaps could be reduced to a minimum, some of our hits fit much better with the annotations of the adjacent genes than in prior tRNA annotation. The newly detected structures present rather conserved stems as compared within Enoplea or to *Caenorhabditis elegans*. As acceptor stems define the 3′/5′-ends of tRNA genes, their high conservation strongly suggests that we found a correct annotation. These nematode specific results are not included in the statistical evaluation of the previous section since it required significant manual post-processing. As more information becomes available it may be worth while, however, to append a search with specific CMs for aberrant structures as a further step in the `MiTFi` pipeline. Figure 6.Examples of tRNAs without D- and T-domains in several Enoplea in comparison to known mitochondrial tRNAs in *C. elegans*. Sequences were found with refined nematode-specific covariance models. Anticodons are highlighted in bold.

The results of this systematic analysis of exceptional structures illustrates major features of the evolution of metazoan mt-tRNAs. All basal metazoan mt-tRNAs fold into the common cloverleaf, supporting a secondary structure from which all metazoan mt-tRNAs originate from. Import mechanisms appeared also very early in evolution as Chaetognatha and Cnidaria already lost most of their mitochondrial encoded tRNAs and need to import them from the cytosol. Mechanisms to compensate/adapt to tRNAs with lost D-domains emerged shortly afterwards as nearly all Bilateria (Ecdysozoa, Lophotrochozoa and Deuterostomia) encode at least for one tRNA missing a D-domain. Equivalent mechanisms for mt-tRNAs lacking the T-domain appeared only in Ecdysozoa and Lophotrochozoa, finally leading to mitochondrial translation machineries in Enoplea tolerating minimal tRNAs lacking both domains. These further developments seem to have arisen after the split from the Deuterostomia (showing only sequences lacking the D-domain). Only Tunicata exceptionally encode mt-tRNAs lacking the T-domain that suggests an independent evolutionary event.

TDRL events in mitogenomes
--------------------------

The increased sensitivity of the CM-based approach frequently reveals additional hits of duplicated mt-tRNAs. In most cases these additional candidates appear to be degrading and most likely constituting pseudogenes as they show larger *E*-values than the best scoring copy of the homologous gene ([Figure 7](#gkr1131-F7){ref-type="fig"}). Such cases provide direct evidence for the mechanisms of mitogenome rearrangements ([@gkr1131-B66]). The systematic survey reported here, therefore, provides direct evidence for the profound impact of TDRL events on the appearance of new gene orders in several sub-phyla. According to the orders of tRNA genes, we identified 77 genomes showing patterns of tandem duplications. We recovered, in addition to the well-studied examples, such as those in *Heteronotia binoei* and other Lepidosauria ([@gkr1131-B67]) also unknown events. To our knowledge this is the first systematic survey for TDRL events throughout the Metazoa. Figure 7.TDRL events in metazoan mitogenomes. Only duplicated tRNA genes are shown, lower case letters indicate degrading genes (with larger *E*-values than the best scoring copy of the homologous gene copy). The one-letter code is used for abbreviating amino acids. Boxes with dashed outlines show pseudogenes that were not detected by `MiTFi` but by manual inspection. Dashed lines illustrate large genome segments containing other genes. Unknown hypothetical new gene orders are visualized by '?' as the duplicated tRNA genes do not have acquired mutations yet.

Most tandem duplications seem to occur directly on the same strand ([Figure 7](#gkr1131-F7){ref-type="fig"}A). Several examples could be retrieved in mitogenomes of Actinopterygii. The mitogenome of the deep sea eel-like fish *Monognathus jesperseni* ([@gkr1131-B68]) shows a large tandem duplication including at least nine tRNA genes which were, so far, incorrectly annotated as a control region. In fact, this large duplication is comparable in terms of the number of duplicated genes to previously reported events in Plethodon ([@gkr1131-B69]). The duplicated parts of the genome still show the same gene order. One copy of mt-tRNA^*Met*^ is missing in our predictions. Its remnant, which can be identified by direct sequence alignment, lacks parts of both the D-domain and the anticodon region. For the other mt-tRNAs we observe large differences in the *E*-values of the two copies, clearly distinguishing the intact tRNAs from their error-ridden copies which most likely are not functional any more. As a result of these events, the gene order of the remaining 22 best-scoring tRNA genes has been completely rearranged. A similar situation has been reported for *Normichthys operosus*, another bony fish ([@gkr1131-B70]). Again we can clearly distinguish functional and degrading copies in the small cluster of tRNA^*Ser*^ and tRNA^*Asp*^ resulting in an inverted gene order compared to the ancestral observed for many other Actinopterygii ([@gkr1131-B71]). In *Diretmus argenteus*, for instance, already half of the duplicated fragment is degenerated. It is part of the *WANCY* region, which has been identified as a hotspot for tandem duplications in vertebrate genomes ([@gkr1131-B72]). The eventual outcome does not appear to be decided yet as at least half of the duplicated tRNA genes do not have acquired mutations that distinguish the copies.

Some mitogenomes containing tandem duplications seem to be losing a complete fragment with all duplicated tRNA genes ([Figure 7](#gkr1131-F7){ref-type="fig"}B). We found this case in mitogenomes of the black-stripe minnow *Galaxiella nigrostriata* and the Sacramento mountain salamander *Aneides hardii* ([@gkr1131-B73]). A reason for the disappearance of these large fragments but not of randomly selected genes is may be due to different transcription rates of parts of the mitogenome as it is known in human ([@gkr1131-B74]).

We found the first convincing case of an inverse TDRL in the walking stick *Ramulus hainanense* ([Figure 7](#gkr1131-F7){ref-type="fig"}C). It is an inverse TDRL in progress whose comparison of the *E*-values suggests that at least one tRNA will survive in each copy of the cluster, while the two copies mt-tRNA^*Met*^ do not yet show any differences.

An extension of TDRLs is the occurrence of 'multiplications', i.e. the inclusion of multiple copies followed by random loss of duplicates. The mitogenome of *Chauliodus sloani* has two loci with up to 5 copies of the same tRNA. In this case there is no effect on the gene order.

Results of TDRL events can be studied in closely related mitogenomes that still have duplicated tRNA genes ([Figure 8](#gkr1131-F8){ref-type="fig"}). Nice examples are the salamander species *Plathodon cinereus*, *P. elongatus* and *P. petraeus*, which exhibit numerous duplications ([@gkr1131-B69]) of the region containing tRNAs^*Glu*^, tRNAs^*Thr*^, tRNAs^*Pro*^ and others. A comparison of *E*-values again clearly shows an ongoing change of the gene order in *P. elongatus*. Even though the two copies of tRNAs^*Thr*^, either *TEP* or *EPT*, will be different from the ancestral state *ETP* as found also in other vertebrates ([@gkr1131-B1]). Figure 8.Results of TDRL events in metazoan mitogenomes of closely related organisms in Amphibia (Elo: *P. elongatus*, Cin: *P. cinereus*, Pet: *P. petraeus*), Mollusca (Hon: *Crassostrea hongkongensis*, Ang: *C. angulata*, Ari: *C. ariakensis*, Gig: *C. gigas*, Sik: *C. sikamea*, Vir: *C. virginica*) and Placozoa (Tri: *Trichoplax adhaerens*, BZ4: *Placozoan sp. BZ49*, BZ1: *Placozoan sp. BZ10101*, BZ2: *Placozoan sp. BZ2423*). Different gene orders and non-degrading candidates of duplicated genes are shown in bold. Lower case letters indicate degrading genes (lower *E*-values than the best scoring copy of the homologous gene copy). Arrows indicate inverted duplicated genome fragments that are only present in Placozoa.

Similar events occurred in Mollusca where gene orders of six genomes show partial differences. *Crassostrea hongkongensis*, *C. angulata*, *C. ariakensis*, *C. gigas* and *C. sikamea*, show nearly the same gene orders, only in *C. gigas* another copy of tRNA^*Met*^ seems to degrade. In contrast, *C. virginica* shows a gene order pattern different from related organisms probably because it forms the most basal branch of the group. At least one large stretch of duplicated DNA is shared by all six Crassostrea mitogenomes. The fact that all homologous gene copies are encoded on the same strands, further supports the hypothesis that they arose through a common TDRL event.

Another example of fast evolving genome organizations are Placozoa. Here, duplications and inversions of whole tRNA clusters can be observed. The single duplicated tRNA genes in *Trichoplax adhaerens*, *Placozoan sp. BZ49* and *Placozoan sp. BZ10101* show similar patterns, only *Placozoan sp. BZ2423* differs from them as another tRNA^*Met*^ gene is slightly more degenerated. In addition, an inversion of the tRNA^*Lys*^--tRNA^*Thr*^ cluster is present in *Placozoan sp. BZ49*. Most interesting in terms of TDRL events is the EYQMIV region of *T. adhaerens*. The most likely explanation of the different positions of tRNA^*Val*^ in the trichoplax strains is a single inverse duplication followed by random loss events (iTDRL hypothesis). The most plausible alternative explanation requires two independent inversions of different parts of this regions without destroying any of the tRNA genes in the process. The `EMBOSS` tool `equicktandem` ([@gkr1131-B75]) identifies 12 repeated sequences with a length up to 25 nt within the EYQMIV region of the *T. adhaerens* genome. Together with the degrading copies of tRNA^*Met*^ and tRNA^*Arg*^ this constitutes compelling evidence for the iTDRL hypothesis.

Over all, duplication events occur more often than previously expected: `MiTFi` annotated 329 potential isoacceptor tRNA genes in 210 mitogenomes. This number includes only copies with plausible *E*-values (*E* \< 0.001). We expect that there are many additional tRNA copies that are already degraded beyond this cutoff. Our analysis thus most probably underestimates the number of TDRL events. This emphasizes the impact of TDRL events to the evolution of mt-tRNA genes as every duplication event is a potential starting point for changing the gene order of these mitogenomes. While the standard model, i.e. a tandem duplication followed by a complete loss of one of the redundant copies, is well understood from a formal/bioinformatic point of view ([@gkr1131-B76],[@gkr1131-B77]), our results motivate also for further studies of the TDRL model. In particular, this includes multiplications, cases with inverse duplications and especially the possibility of partial loss. It is generally believed that different kinds of rearrangement operations have modified the gene order of metazoan mitogenomes throughout evolution, including inversions, transpositions, inverse transposition and TDRL ([@gkr1131-B1]). These operations have different mechanistic explanations. We suggest that a rearrangement model consisting of tandem duplication or inverse tandem duplication followed by random loss is more parsimonious in the number of necessary explanations for the observed rearrangements.

CONCLUSION
==========

The use of specific covariance models for the 22 types of tRNAs occurring in the mitogenomes of Metazoa leads to a significant improvement of tRNA predictions, in particular regarding tRNAs with missing domains and/or other structural aberrations. Implemented in the `MiTFi` pipeline the approach sets the stage for a consistent re-annotation of mt-tRNAs in animals. In addition to recovering nearly all known mt-tRNAs, `MiTFi` discovered 242 previously unannotated tRNAs. Overall, `MiTFi` provides a substantial improvement in both sensitivity and precision rate for tRNA annotation in animal mitogenomes. The pipeline can also be used as an efficient way to check existing tRNA annotation. We do not employ clade-specific covariance models for truncated tRNAs because this would imply a prior knowledge of the expected structural variations. Furthermore, the use of specific CMs in other taxonomic families would lead to incorrect predictions as these unrelated CMs would only find truncated tRNAs. Such a procedure would require extensive manual post-processing. It appears more efficient, thus, to restrict the pipeline to generic, phylogenetically agnostic models.

The comparative analysis of mt-tRNAs across Metazoa reveals systematic patterns of tRNA loss, aberrant tRNA structures, and overlapping tRNA genes. While loss of tRNAs is particularly prevalent in basal metazoan clades, we observe that both tRNA overlap and deviant tRNA secondary structures are particularly frequent in Arthropoda. We found a surprising number of independent loss events for secondary structure elements and for overlapping patterns. In particular, there is compelling evidence for several functional tRNAs that lack both the T-domain and the D-domain in Enoplea.

The sensitivity of the CM-based approach made it possible to detect hundreds of tRNA pseudogenes. Our data imply that tandem duplications of stretches of mitogenomic DNA are a frequent phenomenon. Consequently, TDRLs are common mechanism leading to major reorganizations of mitochondrial gene orders. In addition to conventional TDRLs, we also found evidence for inverse tandem duplications with subsequent random loss of duplicate gene copies.
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[^1]: The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors.

[^2]: The data covers 40 521 mt-tRNA gene annotations of 1876 RefSeq genomes. Numbers of true positives (TP), false positives (FP), false negatives (FN), sensitivity (Sens.) and precision rate (Prec.) are counted relative to the RefSeq annotation.

[^3]: The size of the overlaps is given as number of overlapping nucleotides. Where multiple values are given, they are sorted by the frequency with which they appear. Overlaps that appear in \<10% of the mitogenomes in a listed clade are omitted from the table. The orientation of genes are indicated by '+' (plus strand) and '−' (minus strand).

[^4]: '○' indicates occasional events, '+' frequent (\>50%) events and '\#' highlights taxa that all share the same abnormality. The 'Ser1' column summarizes tRNA^*Ser*1^ genes exceptionally featuring the classical cloverleaf ('Cl') or commonly lost the D-domain ('D'). Columns 'Ser2', 'Cys' and 'others' indicate tRNA genes that lost the D-domain ('D'), the T-domain ('T') or one of both domains ('D/T'). The 'missing' column summarizes where it was not possible to find a complete set of 22 tRNA genes within the genomes.
